Prevalence of bat ectoparasites on sympatric Myotis lucifugus and M. septentrionalis was quantitatively characterized in Nova Scotia and New Brunswick by making systematic collections at swarming sites. Six species of ectoparasite were recorded, including Myodopsylla insignis, Spinturnix americanus, Cimex adjunctus, Macronyssu scrosbyi, Androlaelap scasalis, and an unknown species of the genus Acanthophthirius. Male M. lucifugus and M. septentrionalis had similar prevalence of any ectoparasite (22% and 23%, resp.). Female M. lucifugus and M. septentrionalis had 2-3 times higher prevalence than did conspecific males (68% and 44%, resp.). Prevalence of infection of both genders of young of the year was not different from one another and the highest prevalence of any ectoparasite (M. lucifugus 64%, M. septentrionalis 72%) among all bat groups. Ectoparasite prevalence and intensity varied positively with roost group size and negatively with grooming efficacy and energy budgets, suggesting that these variables may be important in ectoparasite community structure.
Introduction
It is important to understand the species richness, size, and life history of ectoparasite populations to understand the biology of the host species because of the potential for ectoparasites to impact host fitness [1] . Ectoparasites are present on almost all species of mammals, including bats [2] . Most ectoparasites of bats show strong coevolutionary ties to their hosts because they never or only briefly leave the host [3] [4] [5] [6] .
Many ectoparasites are present on hosts year-round whereas others only during critical stages of the host's life cycle such as gestation or lactation. Ectoparasites may also affect host fitness, and, as expected, a strong negative correlation was found between the number of Spinturnix psi on the bent-wing bat (Miniopterus schreibersii) and the host's body condition [1] . Prevalence and intensity of ectoparasites on other small mammals and birds can vary according to several life history characteristics of the host [7, 8] .
Myotis lucifugus and M. septentrionalis have several life history differences (e.g., roost group size and roost site preference), which may affect the ectoparasite community structure [9] . The little brown bat (M. lucifugus) regularly uses human-made structures as summer maternity roosts while the northern long-eared bat (M. septentrionalis) typically roosts in trees [10] [11] [12] [13] [14] . Little brown bats show high roost fidelity and often remain in the same roost all summer while northern long-eared bats do not show the same fidelity and often change their roost site from day to day [13, [15] [16] [17] . Males of both species roost individually or in small groups [10, 11, 18] . Myotis lucifugus females congregate in larger roost groups than M. septentrionalis, and larger number of bats coming in contact is expected to lead to a higher rate of horizontal ectoparasite transmission, thus, higher ectoparasite prevalence [3, 9, 19, 20] . Further, the relative mobility of different species of ectoparasites would facilitate the movement of more mobile species, such as bat fleas, than other less mobile species such as wing mites. Therefore, it is expected that in high bat density there will be a higher prevalence of fleas than wing mites [9, 20] . The ectoparasites of M. lucifugus and M. septentrionalis were studied in Nova Scotia, and several species of monoxenous ectoparasites were found including the wing mite (Spinturnix americanus), the bat flea (Myodopsylla insignis), and the bat bug (Cimex adjunctus) [21] .
Mites of the genus Spinturnix are exclusive ectoparasites of bats within the suborder Yangochiroptera and complete their entire life cycle on their host [22, 23] . These mites have an extensive distribution ranging from the Nearctic to Neotropic regions [20] . Spinturnix americanus (wing mite) spends its entire life cycle on the patagium of the infected individual; its specially adapted claws and legs allow it to grip the wing membrane and hold onto their host, even when the bat is flying [22, 24] .
The reproductive cycle of many species of mites is stimulated by host pregnancy hormones [1, 20] . Lactating female bats in maternity colonies host a higher intensity and prevalence of ectoparasites than nonlactating females [23, 25] . The synchronicity between host and ectoparasite reproduction allows for vertical transmission of ectoparasites to the young of the host, when they are born, who may be less efficient at decreasing ectoparasite load via grooming and may also have a naïve immunoresponse [23, 26] . Additionally, it was found that while mother-juvenile and adult-adult allogrooming occurred in their captive colony of brown long-eared bats (Plecotus auritus), there was no evidence of juvenile-juvenile allogrooming [27] . Once pups in the maternity colony were present, there was a shift in the existing ectoparasite population so that pups were parasitized with higher intensity until the colony dispersed [23] . Adult M. myotis artificially infested with Spinturnix myotis drastically decreased their sleep in favor of grooming [28] . This behavioral switch may be more costly for the young of the year with more restricted energy budgets [28] .
Myodopsylla insignis (bat flea) is found from Iowa and Alberta east to Delaware and Nova Scotia [21, 29] . The bat flea is a fur-dwelling ectoparasite that feeds exclusively on the blood of its host, and its reproductive behavior is highly connected with that of its host [30] . Female rabbit fleas (Spilopsyllus cuniculi) are dependent on high levels of corticosteroids found in their doe rabbit host's blood to reach maturity, and these corticosteroids are only found during the last ten days of the rabbit's pregnancy and during the first five days of the newborn rabbit's life [30] . The hormones and pheromones produced by the newborn rabbits also increase sperm transfer in male fleas, and the majority of flea copulation occurs on the newborn rabbits [31] . Rothschild [32] states that this relationship could exist in bat fleas but only cites the clustering of fleas on females at the end of their winter hibernation. Although this mechanism is relatively unknown in bats, their ectoparasites are most abundant in summer maternity colonies where large groups of pregnant and lactating females congregate [1] . Myodopsylla insignis readily infect and are more abundant on female M. lucifugus than on males [20, 29] . One reason may be that, similar to rabbit fleas, bat fleas may be dependent on hormones produced by female bats to begin their own reproductive cycle [32] . Furthermore, lactating females are parasitized more often and more intensely than are their nonlactating conspecifics [20, 29] . Alternatively, or in addition, female M. lucifugus may host a higher intensity of fleas due to other purely mechanical reasons. Host grooming is known to be a major source of mortality for ectoparasites; nursing females have high-energy demands which may result in less time for grooming [20] .
Cimex adjunctus is a large ectoparasite of bats and is closely related to the bed bug Cimex lectularius [24] . Bat bugs are distributed from Manitoba to Nova Scotia and south to at least South Carolina [21, 33, 34] . In the west, cimicids were found in association with the little brown bat [33] . Bat bugs are blood-feeding ectoparasites that are most abundant in the roosts of colonial bats. Adult cimicids will take bloodmeals lasting 10-15 minutes and then leave the host to digest the meal [33] . Cimicids can survive up to a year without taking a bloodmeal which allows them to stay in their host's roosts after the bats have left to hibernate [35] .
The goal of this study was to quantitatively characterize the ectoparasite community of bats in Nova Scotia relative to host and ectoparasite life history characteristics. Specifically, we wanted to determine whether there is support for two hypotheses. First, ectoparasite prevalence and intensity vary among bat groups with different typical roost group sizes because of the variation in the potential for interhost movement of ectoparasites. Second, that ectoparasite prevalence and intensity vary between adults and young of the year because of variation in grooming efficacy. In addition to these hypotheses, we were interested in determining whether ectoparasite prevalence and intensity vary with pregnancy hormones and energy budgets of their hosts as had been suggested by others.
Methods
From August 15th to October 4th 2010, bats were trapped at 17 swarming sites in Nova Scotia and three in New Brunswick ( Figure 1 ) using harp traps (Austbat Research Equipment, Lower Plenty, VIC, Australia). During the late summer and early fall, large numbers of bats congregate around hibernacula in swarms during which they copulate and feed before ultimately entering the hibernaculum for the winter. Species, sex, and age of each individual bat were determined visually. Age was identified as either adult or young of the year based on the degree of ossification of the fourth and fifth knuckles [10, 36] . At least the first 15 bats captured each night were thoroughly and systematically surveyed in hand and checked for ectoparasites using an LED headlamp. This process involved three steps. First, the ears were examined internally at the base of the tragus and externally around the pinna. Second, the patagium was outstretched for inspection, and, due to lack of hiding places, reliable counts of ectoparasite infection were expected [24] . Finally, the fur was examined by systematically blowing on the dorsal and ventral sides of the animal. This blowing parted the animals' fur and often, if not always, disturbed ectoparasites so that they could be seen and collected. Ectoparasites were collected using a pair of stainless steel pointed tweezers and preserved in 70% ethanol. It took at least 3 minutes to check each bat for ectoparasites.
In the lab, ectoparasites were identified using keys and diagnostic characteristics [22, 24, 29] . Specifically, bat fleas Table 2 .
Myodopsylla insignis (Rothschild) were identified by the presence of genal spines on the front portion of the head instead of the back, which is a trait common only to those fleas that infect bats. The maxilla is truncate, and the genal comb contains two spines. Also, the plate, which comprises the anterior portion of the head, is wide and smooth and a pronotal comb is present [24] . Myodopsylla insignis have a sexually dimorphic structure called the sensillum or pygidium lying laterally on the dorsum of the flea [24] . In female M. insignis, the sensillum is large and accessible and is located in a well-defined cuticular sensiliar plate. In the male, the sensillum is smaller and is partially covered by the anterior, overlapping segment VII [24] . Cimex adjunctus (Barber) (Bat Bug) have a hind femora less than 2.6 times as long as the greatest width of the femora, and bristles at the sides of the pronotum are long and thin and only slightly serrated at the tips [37] . The bristles are a diagnostic feature, as all other possible species have noticeably serrate bristles on the pronotum. Spinturnix americanus (Banks) were identifiable by the presence of tiny posterodorsal setae of the III and IV femora and tiny proximal dorsal setae of femora I and II [22] . Female S. americanus were distinguished by their idiosoma which narrows to a rounded apex posteriorly. Additionally, the presence of three or four pairs of long dorsoterminal, terminal, or ventroterminal setae was characteristic of females. Males were distinguished by their idiosoma narrowing posteriorly to a small pointed opisthosoma [22] . Ectoparasites that could not be identified in lab were sent to the Canadian National Collection of Insects, Arachnids and Nematodes for identification.
To assess hypothesis (i), we tested the prediction that the larger roost-group sizes lead to higher rates of inter-individual ectoparasite transmission and, therefore, female M. lucifugus will have a higher prevalence and intensity of ectoparasites than female M. septentrionalis. Also, the males' solitary nature will result in a lower prevalence and intensity of any ectoparasite compared to their conspecific females. Prevalence was defined as the number individuals within a host group that were infected by at least one ectoparasite divided by the total number of individuals sampled from that host group. Intensity of infection, defined as the number of ectoparasites on one host, was calculated to characterize differences in the number of ectoparasite infecting a host. The intensity of ectoparasites on hosts throughout the population was overdispersed and not normally distributed, this is consistent with most parasite populations [38] . A one-tailed Mann-Whitney U-test was used to test whether the mean intensity of ectoparasites on host groups were significantly different within a 95% confidence interval [39] . Spearman's r s [38] was used to calculate the correlational value of the intensity of fleas versus. mite infection on both host species.
To assess hypothesis (ii), we tested the prediction that because of the naïve grooming behavior of young of the year [26] , they will be host to higher prevalence and intensity of ectoparasites relative to conspecific adults. Prevalence and mean intensity of ectoparasites for host age groups was calculated and analyzed using a one tailed Mann-Whitney U-test.
Finally, to determine whether there was any pattern of association between ectoparasites with pregnancy hormones and energy budgets, we compared prevalence and intensity of ectoparasites among postlactating females and nonreproductive conspecific females captured in the same site/time period. The mean intensity of specific ectoparasites for host reproductive groups was calculated and analyzed using a one-tailed Mann-Whitney U-test. 
Results
Fifteen or more bats were captured at 16 of the 20 capture sites, and in total 537 bats were examined for ectoparasites. In total, 599 individual ectoparasites were collected, and, of these, 597 were identified as one of five species, and two were identified to genus level (Table 1) . These species included the previously recorded species for the region including M. insignis, S. americanus, and C. adjunctus as well as new species records for the region including Macronyssus crosbyi (body mite), Androlaelaps casalis (predatory mite), and an unknown species of genus Acanthophthirius (Acanthophthirius spp.). Of the sites where there were at least 10 bats sampled, the prevalence of bats infected by at least one ectoparasite ranged from 10% to 83% ( females (70.7% and 72.1%, resp.), so data for both sexes were combined for all analysis. In relation to hypothesis (i), we found the host species harbor starkly different ectoparasite communities ( Table 1) . Intensities of the two most abundant ectoparasites on a bat, mites and fleas, were inversely correlated with one another on both M. septentrionalis and M. lucifugus (r s = −0.30, t = −3.6, df = 105, P = 0.0008 and r s = −0.51, t = −6.97, df = 136, P < 0.0001, resp.). All sex/age groups of M. lucifugus had higher prevalence of bat fleas compared to M. septentrionalis counterparts. Additionally, the intensity of bat fleas (Table 3) was significantly different between host species (Z = 5.73, P < 0.0001). For wing mites this relationship was reversed with all sex/age groups of M. septentrionalis harboring higher prevalence ( Table 1 ). The intensity of wing mite infection was significantly different between host species (Z = −4.8, P < 0.0001). The prevalence of any ectoparasite was virtually the same between males, but female and young of the year M. lucifugus had higher prevalence than M. septentrionalis. When examining intensities of any ectoparasite, all sex/age groups of M. lucifugus had higher intensities than M. septentrionalis, but this difference was not significantly different (Z = −0.03, P = 0.49).
Adult females consistently had higher prevalence of ectoparasites than males (Table 1) . Female M. lucifugus were infected by any ectoparasite three times more than males; M. septentrionalis exhibited the same type of pattern with females being infected twice as much as males. The intensity of infection of fleas, wing mites, and any ectoparasite on male and female M. lucifugus was significantly different (Z = −3.99, P < 0.0001, Z = −2.66, P = 0.004, Z = −5.9, P < 0.0001, resp.). The intensities of fleas and wing mites were not statistically different between M. septentrionalis males and females (Z = −0.14, P = 0.44, and Z = −1.58, P = 0.057 resp.). However, when any ectoparasite intensity was compared, it was significantly different (Z = −2.1, P = 0.018).
Young of the year bats had the highest overall ectoparasite prevalence (Table 1) . Specifically, of each of the M. septentrionalis groups, young of the year had the highest prevalence of wing mites (S. americanus; 62.8%), body mites (M. crosbyi; 7.8%), bat bugs (C. adjunctus; 5.9%), and predatory mites (A. casalis; 1%). Myotis lucifugus young of the year had a significantly higher prevalence of fleas (M. insignis; 55%) than M. septentrionalis young of the year. One young of the year M. lucifugus had 18 fleas compared to two as the maximum intensity on any young of the year M. septentrionalis. This relationship was reversed when examining wing mites: 62.8% of M. septentrionalis young of the year were infected compared to the 22% of young of the year M. lucifugus. The highest intensity in both host species was five. Young of the year M. septentrionalis had higher prevalence of any ectoparasite than either adult male, or adult female (23 and 43.8%). Young of the year M. lucifugus were also highly parasitized, but the difference between their adult counterparts was less pronounced; 63.7% were parasitized compared to adult male (22.1%) and adult female (68.5%). The intensity of any ectoparasite and fleas for adult M. lucifugus was statistically different than their young of the year counterparts (Z = −4.01, P < 0.0001, and Z = −3.93, P < 0.0001, resp.). The intensity of any ectoparasite and mites for adult M. septentrionalis was statistically different than their young of the year counterparts (Z = −6.06, P < 0.0001 and Z = −5.57, P < 0.0001, resp.).
Postlactating females of both species did have a higher ectoparasite prevalence (76.5%) compared to the non-reproductive females captured in the same area and time period (66%; Table 4 ). However, the mean intensity of infection of fleas, mites, and any ectoparasites for postlactating and nonreproductive females was not statistically different (Z = −0.65, P = 0.26, Z = −1.09, P = 0.14, and Z = 0.06, P = 0.48). The greatest difference in prevalence was seen in the bat fleas 47.1% of post lactating females were found to harbor a bat flea compared to 32% for nonreproductive females.
Discussion
The role of interspecific interactions in shaping patterns of distribution, assembly, and abundance of ectoparasite species has been broadly investigated and remains a focus of ongoing research [40] . These results suggest that the structure of ectoparasite communities and prevalence of individual ectoparasite species vary by the roost-group size, grooming efficacy of the host, and reproductive condition in bats. Myotis septentrionalis was host to six species of ectoparasite while M. lucifugus was host to only three, with M. crosbyi being represented by a single individual. Tello et al. [40] showed that when one species of ectoparasite has a high intensity, other species are constrained. Competitive exclusion and density compensation (negative correlations among the abundances of competing species) may be the mechanisms for this. Competition may set an upper limit to the number of individuals and ectoparasite species that can coexist. Although Tello et al. [40] examined different species of ectoparasites (Strebla guajiro and Speiseria ambigua), these species can be likened at least in habitat selection to the ectoparasites we found residing in the fur of the host (i.e., flea, body mite, predatory mite, and Acanthophthirius spp.). Myotis lucifugus hosted a higher intensity of fleas compared to M. septentrionalis. Myotis septentrionalis may be a more suitable host for the other fur-dwelling ectoparasites because they are not competing with a large numbers of fleas. The prevalence of fleas differed greatly between host and species groups. All sex/age groups of M. lucifugus had higher prevalence compared to their M. septentrionalis counterparts and both species of Myotis exhibited the same pattern of males being infected the least followed by females and young of the year. This is consistent with our first hypothesis that ectoparasite prevalence and intensity are affected by roost group sizes; due to M. lucifugus' maternity roosting behavior the fleas' reproductive strategy is facilitated and enhanced when compared to M. septentrionalis. The larger number of bats produce a larger amount of guano for the eggs to be laid on, and the flea's high rate of host horizontal transmission would further strengthen this difference. In M. lucifugus colonies, if one bat becomes too heavily parasitized and there is a threat of grooming predation, fleas may move to a less infested host. Prevalence of wing mites appear to be inversely correlated with the prevalence of fleas, and their intensity on hosts seem to be highly connected to the intensity of fleas on individual hosts. The difference in mite intensity between M. lucifugus and M. septentrionalis was statistically significant, and, although these ectoparasites inhabit different microhabitats on the host, their populations may still be connected. Interspecific ectoparasite load is likely a factor in this connection. Most of the bats in this study were uninfected by ectoparasites (292 of 537, 53%), and the individuals who were infected had an average intensity of infection by any ectoparasite of 2.4. Furthermore, individuals exhibiting a higher intensity of infection than the mean (77 of 237, 32.5%) were not abundant. This pattern seems logical as bats have a tolerable load, above which they become too virulent and the host must actively groom itself.
Dick et al. [20] found that bats in close proximity had the highest rate of horizontal ectoparasite transmission. The life history of M. septentrionalis is one that does not facilitate horizontal transmission as much as M. lucifugus. Therefore, a wing mite on an individual M. septentrionalis is less likely to share it's host with a large number of ectoparasites. This may be a behavioral adaptation; since wing mites show much higher host affinity and do not have the same mobility as fleas, they may be easier for the host to detect. This avoidance of competition and the mite's unique physiology may allow them to reduce mortality caused by grooming.
Males of both species were consistently less parasitized than females or young of the year. The male's solitary roosting behavior may be a behavioral adaptation to reduce ectoparasite load. A male who attempts to roost with a large number of females may have increased reproductive opportunities but will bear the added burden of a heavy ectoparasite load. Males also have a larger energy budget which they can allocate to grooming, compared to reproductive females [20] . Myotis lucifugus males had a lower intensity of fleas, mites, and any ectoparasites which is consistent with the hypothesis that ectoparasite prevalence and intensity will vary among groups with different typical roost group sizes. The lack of significance in M. septentrionalis males can be accounted for by the low intensity of ectoparasites on their conspecific females which they are being compared to.
Young of the year of both M. septentrionalis and M. lucifugus had a higher prevalence and intensity than their conspecific adults which is consistent with the hypothesis that ectoparasite prevalence and intensity will vary between adults and young of the year. The significant difference in intensity between young of the year and adults likely stems from the differences in grooming proficiency, adult bats have an established grooming behavior, which they employ with great proficiency, and also have a stronger immunoresponse to ectoparasite bites [23] . Young of the year bats may be less aware of their ectoparasite load and less skilled at removing the ectoparasites they do detect [26] .
Postlactating females did not have higher levels of ectoparasite intensities than their nonreproductive counterparts. However, the prevalence of any ectoparasites did differ between postlactating and non-reproductive females suggesting that ectoparasites may detect and respond to variation in pregnancy hormones and energy budgets of their hosts. The ectoparasite that showed the greatest difference between groups was the bat flea which was expected as fleas may be connected to pregnancy hormones [20, 32] . Another factor, which may, at least partially, explain this difference, is the more restricted energy budgets imposed on the females by pregnancy, lactation, and pup rearing [20] . Females must invest more energy into producing milk and caring for the pup the energy that would have been used for grooming likely gets allotted to these pup-specific energy demands [20] .
New Species Records for NS
Macronyssus crosbyi is a monoxenous blood-feeding mite of bats [41] . These mites have a wide distribution, ranging from Texas to Eastern Canada although they have never been recorded in Nova Scotia [21, 42] . These ectoparasites can live on the host year-round as evidenced by Reisen et al. [41] who found mites actively feeding on bats during hibernation. These mites have a suppressed deutonymph stage which has become a nonfeeding, resting stage. Feeding is done exclusively by protonymphs and adults with the protonymph being a slow fixed-feeder whereas the adult is a rapid and mobile feeder [43] .
All but one Macronyssus crosbyi was exclusively present on M. septentrionalis with no adult males being infected. Reisen et al. [41] found that M. crosbyi was present on significantly higher rates of females than males. It may be that, similar to fleas and wing mites, body mites infect females due to intersexual differences in amount of time spent grooming.
Androlaelaps casalis is a predatory mite not limited to bats; it is also often found in bird nests, grain silos, poultry houses throughout North America, Greece, and Israel [44] [45] [46] [47] . The mite was first discovered in Italian houses in 1887 and has also been recorded on cargo ships, which may be the reason for its wide distribution [48] . Development from egg to larvae to protonymph to deutonymph to adult is considerably short (5 days) and mating occurs as soon as the adult stage is reached; however, all stages of development are predatory and actively hunt smaller mites [44] . This predatory mite feeds primarily on haemophagus and tyroglyphid mites and will also eat dried blood and eggs; if there is a lack of food, A. casalis will become cannibalistic and attack larvae and protonymphs [44] . In one experiment the developmental process required 27-30 prey items to be completed with adults consuming approximately 2 per day, without food adults can survive for up to 20 days before succumbing to starvation [44] .
The success of A. casalis is likely due to its acceptance of a variety of food sources and its generalist feeding behavior [48] . If A. casalis requires such a large amount of prey items per day, it stands to reason that they would choose a host who is harboring enough prey for them to survive and reproduce. We found A. casalis exclusively on M. septentrionalis, a species found to harbor more acceptable prey species than M. lucifugus. Because of the increased ectoparasite species richness, M. septentrionalis may be a more attractive host for A. casalis than M. lucifugus.
Myiobiids are ectoparasites of various mammals including bats; two individual ectoparasites were found to belong to genus Acanthophthirius sp. (Prostigmata: Myobiidae) which is restricted to bats of the family Vespertilionidae [49] . Identifying characteristics of the genus Acanthophthirius in North America include expanded dorsal setae with longitudinal striations. Whitaker [42] described five of these species including A. Eadiea condylurae, A. lasiurus, A. caudatus eptesicus, A. gracilis, and A. lucifugus; they are characterized by an unexpanded and striated dorsal setae, setal coax IV a short spine, the ic3 (the second pair of large ventral setae, between legs 3 and 4) are closer to the body than to the middle, the ic3 thin and less than 10 µm long, and the ic3 distinctly longer, respectively. However, the specimens collected in this study did not fit the description of any of these five described species from North America, and it was not possible to identify the species as the collected specimens showed a combination of characters of different species (Fred Beaulieu & King Wan Wu, Pers. Comm.), so the specimens may be a yetto-be described species.
